Abstract. Health informatics is a relatively new research area. Over the last decade or so, research in health information has been growing at a very rapid rate, as evidenced by the large number of publications. While this growth has been beneficial to the field, it has also made understanding the scope of the field more difficult. Consequently, it is difficult to answer questions such as how the research field has evolved over time, what the landmark publications are, what impact these publications have had, and who are the most prolific and high impact researchers. The purpose of this paper is to provide an overview of the research field of health informatics and, in doing so, attempt to answer some of the questions just mentioned. To this end, we make use of two bibliometric tools: HistCite and CiteSpace II. Because these tools offer complementary bibliometric methods, their use together provides results that are more robust. In this paper, we report some general findings of our bibliometric analysis using these two tools.
Introduction and Background
The term 'health informatics' came into existence around 1973 [1] . For the last decade or so health informatics research has been growing at a rapid rate, partly fuelled by advances in information technologies and partly by an urgent need to improve quality of care and patient safety [2, 3] . Although there are several definitions for health informatics, Coiera [3] suggests that it is "the study of information and communication systems in healthcare" (p.xxii). Health informatics is thought to be situated at the crossroad of information science, computer science, medicine, and healthcare, with a wide range of application areas including nursing, clinical care, public health, and biomedicine [3, 4] .
Because of its multidisciplinary foundations and diverse application areas, health informatics has captured the interest of researchers from numerous areas. Engagement from these researchers has been beneficial to the field as it has led to the development of a rich research literature appearing in many journals. Consequently, because the corpus of literature has become so complex, it is difficult for newcomers to the area to grasp its foundations and main themes, and even for those versed in the area to stay abreast of new developments.
As research in health informatics continues to grow, it may be useful to have a clearer understanding of its major themes. Perhaps only then will it be possible to answer questions such as how the field has evolved over time, what its landmark publications are, what impact these landmark publications have had, and who have been the most prolific and high impact researchers.
The purpose of this paper is to provide an overview of research field of health informatics. We use bibliometric methods [5] [6] [7] [8] , which are formal, quantifiable techniques for analysing research activities and output, such as publications and patents. Bibliometric methods are becoming more popular; for example, the UK government is looking into the possibility of using such methods to assess the quality of research publications of UK universities [see 9]. These methods require an aggregation of publications, and when bibliometric methods are applied to the aggregation, it is possible to identify statistical and structural properties of citation, co-citation, or co-author networks and patterns.
There are currently several computer-based biblimetric tools such as Bibexel [10] , CiteSpace II [11] , HistCite [12] , and Sitkis [13] , each of which operationalizes certain bibliometric methods. These tools allow for a more automated analysis of research output in order to determine the impact of a field, of a set of researchers, or of a specific publication.
We selected two bibliometric tools, CiteSpace II [11, 14] and HistCite [15, 16] , to assist in the analysis of the research field of health informatics, and in doing so, we attempt to find answers to the questions noted above.
Method

CiteSpace II and HistCite
An important step of this research was to survey the available bibliometric tools. Four potential tools were identified: Bibexel [10] , CiteSpace II [11] , HistCite [12] , and Sitkis [13] 1 . Broadly speaking, these tools can be classified as visualization-based or text-based. Visualization-based tools emphasize the use of graphical means in the exploration and analysis of patterns in research productivity. These tools provide their output as visual representations through which patterns and trends can be detected by visual inspection. One attractive feature of visualization-based tools is that their visual representations are often interactive and so are directly responsive to analysts' needs [17] . Text-based tools, on the other hand, give more primacy to the use of tables and charts as outputs for inspection and analysis.
We selected one tool from each group: CiteSpace II and HistCite. CiteSpace II is visualization-based whereas HistCite is text-based. Another criterion for the choice was that each offers features not available in the other. CiteSpace II bases its analysis on co-citation counts. HistCite, on the other hand, bases its analysis on citation counts. Because the tools are complementary, using them together may add to the validity of our analysis.
Data Collection
We conducted a literature search on the ISI Web of Knowledge, Web of Science databases [18] , which include Science Citation Index Expanded, Social Sciences Citation Index, Arts & Humanities Citation Index, and Conference Proceedings Citation Index-both Science, and Social Science & Humanities. We intentionally made our search as broad as possible using the terms "medical informatics", "health informatics", "eHealth", and "e-Health". Overall, our search returned 3708 results
.
The search results were entered into both CiteSpace II and HistCite for analysis. Figure 1 shows the growth of research output since 1973 within the scope of our query, and Table 1 displays the output per year since 1973. Several important observations can be made. First, the first publications appeared in the early seventies. The first World Congress on Medical Informatics took place during this time [19] . Second, growth in the number of publications in the seventies, eighties, and early nineties was slow. Third, there were five key years in which publications jumped in numbers: 1992-1993, 1996-1997, 2000-2001, 2003-2004, and 2006-2007 (highlighted  in Table 1 ). In short, if this trend continues, we will expect to see the number of publications in the next few years to be around 400-500, if not higher.
Results
Descriptive Results
The search collection contains 8472 authors and co-authors. Table 2 shows the most productive authors-those who have published at least fifteen papers. The most productive author is R. Haux with 73 papers, having more than twice the number of publications than the next author, E. Ammenwerth, who is closely followed by P. Knaup, and A. Hasman. As discussed further down, the work of these researchers, especially of R. Haux, seems to have had great impact in the field, particularly in laying its initial foundations. Table 3 presents the list of top research institutions based on output. The Harvard School of Medicine is ranked first with 42 publications. The National Library of Medicine is next with 30 publications, followed by the School of Health Information Science at the University of Victoria with 28 publications. The papers in the collection have come predominantly from research institutions in the US (9 out of 14), followed by institutions in Germany (3 out of 14). Table 4 shows the most important journals according to how many publications described by our search terms were found in the journal. 
Fig. 1. Growth of publications in the collection
Results from Citation Analysis
Citation Analysis
As noted earlier, HistCite uses citation counts for its bibliometric calculations. It relies on two main measures: (1) Local Citation Score (LCS) which indicates the count of citations to a paper within the collection; and, (2) Global Citation Score (GCS) which represents the total number of citations to a paper in the Web of Science, regardless of the whether citing papers belong to the collection or not. Using GCS, LCS, and other measures, HistCite calculates the impact of a particular publication or author [12] . The output of HistCite can be "used to help the searcher quickly identify the most significant work on a topic and trace its year-by-year historical development" [12 , p.119]. Table 5 shows the ranking of articles based on LCS and GCS measures. It seems that the LCS measure provides a more accurate representation of the relevance of publications to the search terms than the GCS measure. When using the GCS measure as the main criterion, in contrast, some high-ranking articles are not so relevant to health informatics. The publications from Table 5 include articles that seem to have provided the foundations and created the initial momentum for health informatics as a research discipline.
One of the most useful features of HistCite is its ability to produce a historiograph of the most-cited articles in the collection (see Figure 2) . The nodes represent publications and the links between them depict citations. An arrow pointing from one node back to another indicates that the article at the origin of the arrow cites the article at the end of the arrow. For example, article 99 [20] cites article 50 [21] . The size of the node at the end of the arrow is proportional to how often it is cited. The threshold number is user-defined; and the user can choose to use either LCS or GLS as the main criterion. Figure 2 shows the 30 most-cited articles in terms of LCS-i.e., citation made from the articles within the collection. Greenes and Shortliffe's article [20] (node 99; published in 1990) is the most dominant node in the collection, followed by articles from Eysenbach [23] (node 955; published in 2000)
and Haux and Knaup [22] (node 971; also published in 2000). These three articles are the top three items of Table 5. What Table 5 does not show, but which Figure 2 does, is how the most cited articles are related. A closer look at these articles indicates that they are conceptual in nature, and attempt to provide the foundations for health informatics as a field. For example, Greenes and Shortliffe [20] make a strong case for health informatics to be an academic discipline by describing its scope, some basic research problems, and potential career paths for graduates. In general, most of the articles in Figure 2 are conceptual and endeavor to define the aims and tasks of medical informatics [31] ; to describe its origins [21] ; to provide a systematic view [31] ; to delineate its grand challenges [20] ; point out its structure [36] ; to provide some direction for future research [26, 48] .
In term of how the articles are related, according to Figure 2 , one of the key articles is by vanBemmel [36] , published in 1984, which has been cited by Haux [31] and self-cited by another of vanBemmel's articles [27] . The next two important articles are from Collen [21] and [37] . Greenes and Shortliffe's [20] seminal article comes next, citing Collen's 1986 article and it is cited by several important articles in the collection [23, 29, 31, 41, 45] . The influence of Greenes and Shortliffe's article trickles down to a recent article in the collection from Haux [48] , where the past, present, and future of health information systems is described. Further relationships can be discerned from Figure 2 . A deeper analysis of the content of the articles is needed to ascertain the degree of the influence of the different articles. This level of analysis is beyond the scope of this paper.
Co-citation Analysis
The above analysis is based mainly on the output of HistCite, which relies primarily on citation counts. To complement this analysis, another bibliometric tool, CiteSpace II [11] , is used to analyze the same collection of search results. Unlike HistCite, CiteSpace II relies on both citation and co-citation counts. In addition, with the exception of the historiograph, HistCite provides outputs that are text-based; whereas CiteSpace II's main outputs are visualizations, which are intended to support the detection of trends and patterns in a body of literature. CiteSpace II's visualizations are interactive, and include illustrations of co-citation networks. By specifying different threshold levels, e.g., for citation and co-citation counts, it may be possible to (1) determine influential publications for a particular period; and (2) observe trends and patterns within the body of literature.
In CiteSpace II, the entire time interval is divided into equal segments (e.g., 1-year, 2-year, 3-year, and so on). For each segment, CiteSpace II creates a co-citation network, and integrates all the networks into one single synthesized visualization network. The publications in the collection extend from the early 1970s to the present. Because of the large number of publications, the resulting network of all years included as one continuous interval is very complex. Therefore, we divided the analysis into three intervals Figure 3 shows the resulting network of co-citations for the first interval . Nodes in the network depict publications. The nodes are represented as concentric rings, where the thickness of a ring is proportional to the number of citations in a given time slice. The size of the outermost ring and the size of the font are proportional to the centrality of the publication. The links depict co-citations, and their color represent the year of the first co-citation of the publication. As can be observed from Figure 3 , the main articles that are also the most influential articles are: Greenes [20] , Heathfield [35] , vanBemmel [27] , and Lorenzi [32] . The dominant color of the links is orange and corresponds to co-citations which were first made during the 1990-2000 timeframe. The other salient colors, yellow and green, depict co-citations first made prior to 1990. A different pattern emerges in Figure 4 , which shows a co-citation network of publications for [2001] [2002] [2003] [2004] [2005] . No longer is Greenes' 1996 article the most dominant; instead in terms of co-citations made to the article. It appears that Hunt's article [49] and Eysenbach's article [23] are the most co-cited in this period. It is interesting to note that, whereas for the 1970-2000 period the most important articles were theoretically-based, for the 2001-2005 period there seems to be a switch on emphasis to empirical and evidence-based research, as exemplified by Hunt's article. This observation is corroborated by a closer examination at other highly co-cited articles.
The rapid growth in publications and the switch from a theoretical to an empirical focus suggests that health informatics, as a discipline, has grown and developed in multiple ways, leading to a divergence in research themes and priorities. In addition, from Figure 4 , it is possible to detect some clusters of publications. The group of publications connected by yellow links (top-left corner), whose co-citations began in 2004, seem much influenced by articles by Haux and Knaup [22] and Kulikowski [33] (see black highlighted oval). The Haux and Knaup article provided recommendations on health informatics education; whereas, Kulikowski has described some challenges of health informatics, at both micro and macro levels and from multiple perspectives. Both articles are the linkage articles between the yellow cluster and light blue cluster. It is interesting to note that the two most influential articles by Hunt and Eysenbach have direct connections with the orange, green, blue, and light blue clusters, but not with the yellow cluster. Table 1 ) and of co-citations. It is difficult to locate patterns within such complex visualization.
Summary, Limitations, and Future Work
In this paper, we have used two bibliometric tools to provide an overview of the research field of health informatics. A broad literature search was conducted on Web of Science database, producing a large number of results. The results were analyzed using the bibliometric tools HistCite and CiteSpace II. The analysis lead to the identification of patterns of growth, some of the most influential articles, the most prolific authors and research institutions, the most important publication venues, and some recent patterns of emphasis.
One limitation of the approach taken is that it excludes articles not found on the Web of Science database. In addition, the approach relies on the output from two bibliometric tools, both of which depend on citation or co-citation counts. Consequently, it does not take into account publications with low citation and cocitation counts, a common property with recent publications. A further limitation is that the approach can only hint at the reasons for the citation patterns because it does not examine in detail the content of the articles. Content analysis is required to infer reasons for citation patterns. Some reasons for citation are profound, but other reasons may be trivial because papers often are cited in a perfunctory fashion and are not essential to the goals of the citing paper. In addition, the output from CiteSpace II can be quite complex, and further exploration is required to determine specific patterns and trends in the body of literature.
An interesting avenue for future work would be to conduct a more detailed content analysis to discern how the important publications have shaped or still are shaping the field. Furthermore, a more detailed analysis could be conducted with CiteSpace II to locate emerging "research fronts" and "intellectual bases" in medical informatics research-where a research front is the state-of-the-art of a research area and an intellectual base is the publications cited by the research front. This analysis would allow us to understand the future evolution and research trends in health informatics.
